The present work investigates the sensitivity of cross sections for vibrational relaxation in He ϩCO collisions to details of quantum coupled-states calculations and the choice of vibrational wave functions used for evaluation of the coupling matrix elements. It is illustrated that the J-labeled coupled-states ͑CS͒ approach provides results in close agreement with accurate close coupling calculations and experimental measurements while the l-labeled approximation leads to cross sections underestimating the accurate data by a large factor. It is shown that centrifugal distortion of vibrational wave functions enhances cross sections for vibrational relaxation by approximately an energy independent factor. It is found that vibrationally inelastic cross sections are more sensitive to high-order terms in the Legendre expansion of the interaction potential when the J-labeled CS approach and the accurate vibrational wave functions with centrifugal distortion are used for the calculations.
I. INTRODUCTION
It was noted in an earlier article by Hutson and co-workers 1 that ''the study of vibrational relaxation of CO by collisions with He atoms provides a convenient model on which to base analysis of relaxation processes involving other ͓heavy͔ diatomic molecules and other low-mass collision partners.'' Many experimental 2, 3 and theoretical 4 -8 investigations therefore focused on dynamics of vibrationally inelastic HeϩCO collisions. Accurate experimental measurements of rate constants for vibrational relaxation 1 were compared with quantum coupled-states ͑CS͒ calculations by Reid et al. 7 and quantum close coupling ͑CC͒ calculations by Balakrishnan et al. 8 Both these studies employed the most accurate potential energy surface ͑PES͒ of Heijmen et al. 9 The results of Reid et al. 7 underestimated the experimental measurements by an average factor 0.63 in the whole considered interval of temperatures ͑35-200 K͒. This systematic underestimation was attributed to inaccuracy in the PES. The later calculations of Kobayashi et al. on a different ͑new͒ PES, 10 however, provided similar results. At the same time the CC calculations 8 on the same PES 9 led to rate constants in excellent agreement with experimental values. It was argued that the large errors observed by Reid et al. at low temperatures are due to the CS approximation. Recently, we reported extensive CS calculations of rate constants for vibrational relaxation ͑VR͒ in HeϩCO(vϭ1) collisions in a wide range of temperatures. 11 The results of our calculations were in close agreement with the experimental data.
There are two major differences between the CS approach used in Ref. 7 and the CS calculations we have reported in Ref. 11: ͑1͒ the labeling of the CS approximation is different; ͑2͒ the authors of Ref. 7 used approximate vibrational wave functions for evaluation of the coupling matrix elements, whereas we computed all vibrational wave functions from an accurate spectroscopic potential of the CO molecule.
The large disagreement between the theoretical results stimulated the present work, where we investigate the role of the different labeling of the CS approximation and the sensitivity of cross sections for VR to the choice of vibrational wave functions. In particular, we focus on the effect of the centrifugal ͑CF͒ distortion of the vibrational wave functions for VR in HeϩCO collisions. To the best of our knowledge, only one article 12 was published where the effect of the j dependence of vibrational wave functions was discussed in conjuncture with vibrationally inelastic HeϩH 2 collisions. The role of various parametrizations of the CS approximation was investigated by several authors for rotationally inelastic differential scattering, [13] [14] [15] [16] [17] but it remains an open question for vibrationally inelastic transitions. As the accurate CC calculations of VR in heavy diatomic molecules are most often impossible, it is important to understand the general performance of the CS approach and we believe that the results presented in this paper can be relevant for other collision systems of similar type.
A brief description of the computation methodology is given in Sec. II and the results are presented in Sec. III. Section IV summarizes the conclusions.
II. COMPUTATION METHODOLOGY
The detailed description of our CS calculations has been given in the accompanying paper 11 as well as in our previous works. 18 In brief, we solve the following system of secondorder differential equations: a͒ Present address: Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138; electronic mail: rkrems@cfa.harvard.edu
with the usual boundary conditions yielding the body-fixed S matrix. In this expression, J is the total angular momentum for the collision, j is the rotational angular momentum of the CO molecule, ⍀ is the body-fixed projection of both J and j, and the wave number k v, j corresponds to the asymptotic energy of the rovibrational state (v, j). The diagonal elements of the CF coupling matrix C j⍀ J are represented as
This expression corresponds to the J-labeled variant of the CS approach originally introduced by Pack. 19 An alternative l-labeled CS approximation proposed by McGuire and Kouri 20 assumes that the elements of the CF coupling matrix are independent of the rotational quantum number and sets C j⍀ J ϭJ(Jϩ1).
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The matrix elements on the right-hand side of Eq. ͑1͒ can be conveniently evaluated if the global PES depending on three Jacobi coordinates ͑r, R, and ⌰͒ is expanded in a Legendre series. The final expression for the matrix elements can then be given by
where the symbols in parentheses are the 3-j symbols, V denotes the Legendre components of the interaction potential, and max corresponds to the maximum order term in the Legendre expansion. The vibrational wave functions entering
cally from the solution of
͑4͒
In Eq. ͑4͒ CO is the reduced mass of the diatomic molecule, ⑀ v j denotes the asymptotic energy of CO(v, j), and the interaction potential V CO is taken from Ref. 22 in the form of a Simons-Parr-Finlan function. The use of this potential gives the rovibrational energy levels of CO very close to the experimentally determined values. 23 We note that the term j( j ϩ1) in Eq. ͑4͒ causes centrifugal distortion of the vibrational wave functions.
In order to test the sensitivity of VR cross sections to the choice of vibrational wave functions we perform calculations with wave functions obtained from Eq. ͑4͒ with jϭ0 only ͑i.e., neglecting CF distortion of the wave functions͒. We will denote this approximation by EWF ͑without the j subscript͒ in the list of abbreviations used in the present article ͑Table I͒. Selected calculations are also performed with vibrational wave functions chosen in the harmonic approximation ͑HOWF͒.
We use our own program for all calculations of the present work. 24 In order to verify the accuracy of our results we have also performed most of the calculations with an alternative program MOLSCAT 25 linking the potential energy subroutine through the VRTP mechanism. This provides an independent test of the calculations. All presented cross sections and rate constants are computed on the PES of Heijmen et al., 9 which is considered to be superior to other potentials available for the HeϩCO system. The number of basis functions, the number of partial waves, and the asymptotic energy levels of the CO molecule are chosen in the present work exactly as described by Reid et al. 
III. RESULTS
Table II presents an energy dependence of cross sections for VR of CO(vϭ1,jϭ0) by He. It is illustrated that the use of HOWF in the l-labeled CS calculations gives the same results as presented by Reid et al. 7 If we replace, however, the HOWF by vibrational wave functions obtained from the solution of Eq. ͑4͒ with the potential, 22 the cross sections decrease by about 22%-35%. If the CF distortion of the wave functions is included in the calculations (EWFj-l-CSA) the cross sections increase by about 21%-22%. We note that the difference between the results of the HOWF and EWF calculations is greater at small collision energies while the effect of the CF distortion is almost independent of the collision energy. It may also be noticed that the HO approximation and the EWF approximation cancel each other and the results of the HOWF calculations are closer to the accurate EWFj results than the cross sections computed using j-independent vibrational wave functions. We have found the same cancellation of errors for the He ϩH 2 collisions where the discussed effects are significantly more pronounced. 26 Table III illustrates the role of the different labeling of the CS approximation for vibrationally inelastic cross sections. The use of the J labeling enhances cross sections for VR by about 60% at low collision energies and 10%-20% at high collision energies. The results of CC calculations by Balakrishnan et al. 8 are also included in Table III and it can be seen that the J-labeled calculations produce results in close agreement with the accurate CC data while the l-labeled approach underestimates the CC values by a large factor. There is a disagreement between the J-CSA results and the CC calculations 8 at the two highest collision energies. It should be noted, however, that the CC calculations in Ref. 8 were designed for investigation of VR in the lowtemperature limit. The highly reduced basis set used for the CC calculations may therefore not be appropriate for the high energies.
The different labeling of the CS approximation was investigated by several authors [13] [14] [15] [16] [17] with application for rotationally inelastic differential scattering and magnetic transition amplitudes. As a result of these studies the l-labeled CS approach was accepted as superior, as it provided significantly better results. The data of Table III indicate that the J-labeled CS approach should be used for calculations of cross sections for VR in heavy diatomic molecules.
The previous calculations of rate constants for VR in HeϩCO collisions 7 used the ten-term Legendre expansion of the PES 9 and all results presented in Tables II and III are therefore computed with max ϭ11. We have found, however, that for our calculations 11 employing the J-labeled CS approach and accurate vibrational wave functions we need more terms in the Legendre expansion of the same PES in order to obtain converged cross sections at small collision energies. Table IV illustrates the convergence of the cross sections computed using different basis functions with respect to the number of Legendre terms. The convergence rate at small collision energies depends on the type of vibrational wave functions employed! If the HOWF are used in the l-labeled calculations, less than 20 terms are enough in the Legendre expansion. The same result is obtained with accurate vibrational wave functions without CF distortion. If the j dependence of vibrational wave functions is, however, included in the calculations the value max ϭ30 should be used to ensure the converged cross sections at low collision energies. Remarkably, the convergence rate depends on the type of CS labeling. If the J-labeled CS approach is used, the total number of 39 Legendre terms have to be included in the expansion of the PES. We have used a 50-point GaussLegendre quadrature scheme for expanding the PES in the angular functions and repeated the calculations with the 80-point quadratures. The results have not changed.
The illustrated behavior is apparently related to the observation that the final rotational distribution of the CO molecules after VR at low collision energies is shifted toward larger values of j. 11 The VR at low collision energies is more often accompanied by large changes of angular momentum which are facilitated by high terms in the potential expansion. 27 When the HOWF or the j-independent wave functions are used in the calculations the integrals ͗ v j ͉V (r,R)͉ v Ј jϩ⌬ j ͘ are independent of ⌬ j, but when the CF distortion of vibrational wave functions is included, these integrals may be more significant for larger values of ⌬ j. At the same time, when the J-labeled CS approach is used, the diagonal elements of the CF matrix corresponding to states with high j numbers are significantly more important due to the factor j( jϩ1) in Eq. ͑2͒. Thus, the role of high j states of CO(vϭ0) should be more important for VR of CO(vϭ1) when the J-labeled CS approach and the accurate vibrational wave functions are used.
As a final point, we present in Fig. 1 the temperature dependence of the Boltzmann averaged rate constants computed using the J-labeled CS approach and accurate vibrational wave functions as described in Ref. 11 . The computed values are in excellent agreement with experimental measurements at low temperatures. We conclude, therefore, that the J-labeled CS method can reliably be used for description of VR in HeϩCO(vϭ1) collisions and the PES of Heijmen et al. 9 is accurate over large variations of the Jacobi coordinates.
IV. SUMMARY
The results of the present work can be summarized as follows: 
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Balakrishnan and co-workers ͑Ref. 8͒.
͑1͒
The sensitivity of cross sections for VR in HeϩCO collisions to the choice of vibrational wave functions is investigated and it is shown that the harmonic approximation for vibrational wave functions leads to data which underestimate the more accurate results by about 35%-20%, the error being larger at small collision energies. The CF distortion of vibrational wave functions enhances the VR cross sections by approximately an energy independent factor 1.22.
͑2͒ The role of different labeling of the CS approximation is investigated and it is shown that the use of the J-labeled CS approach leads to significantly better results than the l-labeled calculations. We recommend that the J-labeled CS approach be used for description of VR in heavy diatomic molecules.
͑3͒ It is illustrated that cross sections for VR at low collisions energies computed using accurate vibrational wave functions with CF distortion and the J-labeled CS approach exhibit a slower rate of convergence with respect to the number of Legendre terms in expansion of the interaction poten- tial. This indicates an increased importance of high rotational states of CO(vϭ0) for VR of CO(vϭ1) at low energies and suggests that the errors due to the use of approximate ͑har-monic or j-independent͒ vibrational wave functions may, in fact, be larger at low collision energies than stated in p. ͑1͒ of this summary.
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